Low profile and simple configuration are advantageous for RF module in passive millimeter-wave imaging system. High sensitivity over broad operation bandwidth is also necessary to detect right information from weak signal. We propose a broadband layerstructured module with low profile, simple structure, and ease of manufacture. This module is composed of a lens antenna and a detector module that consists of a detector circuit and a broadband microstrip-to-waveguide transition. The module forms a layer structure as a printed substrate with detector circuit is fixed between two metal plates with horn antennas and back-short waveguides. We developed a broadband passive millimeter-wave imaging module composed of a lens antenna and a detector module in this work. The gain and the antenna efficiency were measured, and the broadband operation was observed for the lens antenna. For the detector module, peak sensitivity was 8100 V/W. Furthermore, the detector module recognized a difference in the absorber's temperature. The designs of the lens antenna and the detector module are presented and the RF performances of these components are reported. Finally, passive millimeter-wave imaging of a car, a human, and a metal plate in clothes is demonstrated in this paper.
Introduction
Millimeter-waves penetrate various materials, including fabric, fire, and fog [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Millimeter-wave imaging can be applied to detection of concealed weapons and of fire victims and in monitoring car surroundings. There are two types of millimeter-wave imaging systems: passive-and activeimaging systems. As active-imaging systems radiate millimeter-waves over the coverage area and receive reflected waves from objects, high / ratio can be expected. However, a part of the object, whose tangential plane is orthogonal to the line connecting the target and the radar, reflects the wave back to the radar. Therefore, only that part can be detected by the active-imaging systems. On the other hand, a passive-imaging system does not have a transmitter; then, heat emission from all the parts of the objects transmits to the receiver. Consequently, only the limited part can be detected by the active-imaging systems, while the profile of the object can be detected by the passive-imaging systems.
The phenomenon in active imaging is called by "speckle" or "glint" [14] . However, because heat emission from objects is quite weak, passive-imaging systems are disadvantageous at the point of low / ratio compared to active-imaging systems. Therefore, low power-loss, high sensitivity, and broadband operation are required for passive-imaging modules [1, 4] . Some detector modules with sensitivity higher than 550 V/ W in millimeter-wave band have been produced [15] . Then, a high-performance passive-imaging module also has been developed in some organizations [5, 11] . In this module, a detector circuit is integrated on the same alumina substrate with Fermi antenna. High sensitivity with 150 V/W and broadband operation are successfully achieved. However, a number of substrates are vertically arranged with specific spacing for the two-dimensional arrangement of the detectors with antennas.
The purpose of this research is to develop a passiveimaging module with a layer structure, which is advantageous at the points of low profile and ease of manufacture. We have already proposed the configuration of the detector module and reported some results of the first-fabricated detector circuit [16] [17] [18] . The detail design for optimization and RF evaluation of a lens antenna and a detector module for imaging are reported in this paper. We designed a single detector module as the first step in this work. In Section 2, we indicate configuration of the proposed module, composed of a lens antenna and a detector module. Section 3 describes the design and performance of a lens antenna. Section 4 presents the design and performance of a detector module with imaging demonstrations, and Section 5 concludes.
Configuration of Layer-Structured Module for Passive Millimeter-Wave Imaging
The configuration of the proposed layer-structured imaging module is shown in Figure 1 . This module is composed of a lens antenna and a detector module. A lens antenna is composed of lens and horn antennas arranged around the focal point of the lens. Both the lens and the horn antennas are advantageous at the point of broadband operation. The horn antennas are composed of tapered holes and are arranged easily by making holes on the metal plate. Each horn antenna is connected to a detector module. The detector module is composed of a detector circuit and a microstripto-waveguide (MS-WG) transition to connect the planar detector circuit to the waveguide horn antenna.
Since a printed substrate with detector circuit is fixed between two metal plates, the imaging module forms layer structure, as shown in Figure 2 . The top layer includes a pyramidal horn antenna. Thickness of this layer is about 15 mm, which corresponds to the horn length. The middle layer is an alumina substrate and consists of a detector circuit and an MS-WG transition to connect the waveguide horn antenna and the detector circuit printed on the back of the substrate. This layer is about 0.1 mm thick. The bottom layer consists of back-short waveguide for the MS-WG transition and a shield for the detector circuit. This layer is less than 5 mm thick. The total thickness of this layer structure is only about 20 mm.
Lens Antenna
A lens antenna is composed of a microwave lens and a horn antenna. The lens is designed to focus all the incident waves on one focal point, and the horn antenna is designed to receive all focused waves efficiently. In this section, we describe the design of a lens and a horn antenna and then discuss the overall performance of the lens antenna.
Design of Lens.
The gain and the beamwidth of lens depend on the size of the aperture. The gain is related to the effective aperture area of the lens diameter by
where is a wavelength of free space. Here, diameter is determined as 200 mm for machining condition. Therefore, the gain is roughly expected to be 40 dBi with 50% efficiency. To efficiently receive incident wave through lens by horn antenna, transformation coefficients are employed in the design [5, 19] . The transformation coefficient between the lens and horn antenna is defined by where ( ) is the radiation pattern of the horn antenna and ( ) is the lens beam pattern. If the incident wave over the lens is received perfectly by the antenna, is unity. The transformation coefficient is maximum ( = 0.79) when the effective beamwidth is 52 degrees. Therefore, focal length is identical to /2 tan 26 ∘ . The lens contour is designed using the coordinate system shown in Figure 3 to focus in phase all the incident plane waves on one focal point. The coordinates of the lens contour correspond to ( 2 , 2 ) and are obtained from the following equations:
where is refractive index. Equation (3) represents Snell's law on the boundary of -plane. Equation (4) (ii) Focal length : 205 mm.
(iii) Thickness of lens: 60 mm.
(iv) Material of lens: polyethylene.
(v) Refractive index of polyethylene: 1.516.
Design of Horn Antenna.
A horn antenna is used to receive power from objects through the lens. To obtain high transformation efficiency, 10 dB beamwidth of horn antenna is designed to be at 52 degrees. As a result of optimization by electromagnetic analysis [20] , the aperture size of horn antenna is 9.4 mm × 6.6 mm ( -plane × -plane) and the horn length is 15 mm, which is the minimum value for symmetrical 10 dB beamwidth in -and -planes between 60 to 90 GHz. 
Sim. H-plane
Sim. E-plane
Exp. E-plane Exp. H-plane We fabricated the designed horn antenna. Directivity in measurement, theory, and electromagnetic simulation is shown in Figure 4 . Measured 10 dB beamwidth of both theand -planes is approximately 52 degrees. The sidelobe ofplane is −10.3 dB, which is higher than that of -plane due to the effect of the ground plane. Figure 5 shows the frequency dependency of the 10 dB beamwidth. The 10 dB beamwidth of -and -planes agrees well over 60 to 90 GHz both in the simulation and in the experiment.
Performance of Lens Antenna.
The fabricated lens antenna composed of the lens and the horn antenna is evaluated by near-field measurement as shown in Figure 6 . The directive radiation pattern is obtained by applying discrete Fourier transform to near-field measurement data. Figure 7 shows the measured -plane radiation pattern of lens antenna. The 3 dB beamwidth is 1.6 degrees in the broadside direction, whereas it is 1.3 degrees in the simulation. Figure 8 shows the measured gain and the antenna efficiency over 60 to 90 GHz. The gain was 43 dBi and the antenna efficiency was 75.3% at 76.5 GHz. The gain was higher than 40 dBi over 60 to 90 GHz. Antenna efficiency was over 70%, except at 80 GHz. The cause of efficiency degradation at 80 GHz is still under investigation. A future study will focus on improving frequency dependency.
Detector Module
A detector module is composed of a detector circuit and an MS-WG transition to connect the planar detector circuit to the waveguide-fed horn antenna of the lens antenna. In this section, we first describe the design of the detector circuit and the MS-WG transition. Next, we discuss the total performance of the detector module.
Design of Detector Circuit
4.1.1. Circuit Configuration. We designed a detector circuit on a printed substrate that operates in the millimeter-wave band. We evaluated the detector circuit by sensitivity, which is a ratio of output voltage divided by input power. Sensitivity is expected to be higher than 1000 V/W which is an average level of commercial detectors in this frequency range. A photograph and a block diagram of the developed detector circuit are shown in Figures 9 and 10 voltage between both diode terminals is detected as output voltage. DC probing pads are placed via low pass filter (LPF) to isolate the effect from the RF characteristic. The LPF with short input impedance is placed at the cathode terminal, while the LPF with open input impedance is placed at the anode terminal. Furthermore, a matching circuit is placed at the anode terminal of the diode to transmit the input RF signal to the diode efficiently. As the detector circuit is fed by a coplanar probe, the input port forms a coplanar-tomicrostrip transition. Consequently, there are three items in the design procedure for the detector circuit:
(i) Extracting equivalent circuit of diode.
(ii) Design of matching circuit.
(iii) Design of LPF.
Their details are described in the following sections.
Extracting Equivalent Circuit of Diode.
A Schottky barrier diode HSCH9161 of Avago Technologies is used in the detector circuit [21] . Since HSCH9161 is a zero-bias diode, a bias circuit is unnecessary. To extract the equivalent circuit of the diode on the circuit simulator, the -parameters of the diode are measured by vector network analyzer in the setup shown in Figure 11 . The diode is mounted on a gap of the microstrip line on the alumina substrate and connected via beam leads. With the microstrip line fed by coplanar probes, the input and output ports form coplanar-to-microstrip transitions. Figure 12 shows the equivalent circuit of the diode used in the simulation. , , , and are optimized to fit the simulated -parameters with the measured ones. As a result of the extraction, when , , , and are 0.19 nH, 50 Ω, 6.7 fF, and 9.5 fF, respectively, the difference in 11 between simulation and measurement is 0.03 dB in amplitude and 20 degrees in phase at 76.5 GHz. On the other hand, the difference in 21 is 0.02 dB in amplitude and 1.0 degree in phase as given in Figure 13 .
Design of Matching Circuit and Low Pass Filter.
A matching circuit is designed to transmit the received power to the diode efficiently. We used an open stub for matching the circuit shown in Figure 9 . The length of the open stub and the spacing between the diode and the open stub are optimized for the extracted diode parameters using a circuit simulator.
A microstrip-line LPF is composed of series connections of wide and narrow lines, as shown in Figure 9 [22] . As a wide line operates as shunt capacitance and a narrow line operates as series inductance, this circuit operates as an LPF. Therefore, the width and the length of the lines determine the characteristic of the LPF. Figure 14 shows electromagneticsimulated 11 of LPFs with open and short input impedances.
11 of LPFs are relatively stable in the frequency range over 60-80 GHz.
Performance of Detector Circuit.
The detector circuit is fabricated on the alumina substrate. Figure 15 shows the measured sensitivity and the simulated and measured 11 of the detector circuit. Bandwidth of reflection below −10 dB is 1.9 GHz in simulation and 1.4 GHz in measurement. The bandwidth is not very wide due to characteristic of the matching circuit. There is a 4 GHz difference between the measured and the simulated resonant frequencies. This difference could be due to the moderate accuracy in extraction of the equivalent circuit for the diode. Sensitivity is a ratio of output voltage divided by input power. In this case, the input power is −30 dBm. As a result, the peak sensitivity is 8900 V/W at 74 GHz. The bandwidth of sensitivity above 1000 V/W is 10 GHz. The measured sensitivity is high in the frequency band with low reflection. Figure 16 shows the sensitivity versus the input power. Saturation of sensitivity is observed for input power below −30 dBm. This result indicates that the developed detector circuit operates below −30 dBm to obtain linear output for input power.
Microstrip-to-Waveguide Transition.
The waveguide-fed horn antenna and the planar detector circuit are connected by an MS-WG transition. Because the detector circuit resonates at 73 GHz as shown in Figure 15 , the design frequency of the MS-WG transition is fixed at 73 GHz. The structure of the MS-WG transition is shown in Figure 17 . A printed substrate (fluorocarbon resin film, thickness = 0.127 mm, relative dielectric constant = 2.2, and loss tangent tan = 0.001) with conductor patterns on both planes is placed on an open-ended waveguide. The aperture of the printed substrate is covered with a back-short waveguide. The height of the back-short waveguide is approximately /4 ( : guided wavelength of the waveguide) [23] . To reduce the leakage of parallel plate transmitting mode into the substrate, the waveguide in the substrate is surrounded by via holes. Furthermore, a microstrip line is inserted into the waveguide to couple with waveguide TE 10 mode. Hence, the important design parameters are the height of the back-short waveguide and the inserted length of the microstrip line. Figure 18 shows the simulated and the measured -parameters of the fabricated MS-WG transition. Resonant frequency is 73 GHz. Bandwidth for reflection lower than −20 dB is 4.8 GHz. 21 at 73 GHz is −0.94 dB in measurement.
Performance of Detector Module.
We fabricated a detector module composed of a lower feeding waveguide, a printed substrate, and an upper back-short waveguide, as is shown in Figure 19 . The MS-WG transition and the detector circuit are connected by a microstrip line.
In this section, we analyze the performance of the detector module. First, we measured the sensitivity of the detector module supplied CW signal from an oscillator. Next, a Dicke radiometer [24] is constructed by using the developed detector module. In this case, the input source is radiation from objects. To confirm the contrast of object temperature, the readout voltage versus the temperature of absorber on the antenna is measured. Furthermore, we compared readout voltage between the sky and the absorber.
Sensitivity Measurements.
We measured 11 and sensitivity of the detector module using a waveguide-input oscillator for input CW source. Input power is −30 dBm. The measured frequency dependencies of 11 and sensitivity are shown in Figure 20 . The bandwidth of reflection below −10 dB is 4.9 GHz. The peak sensitivity is 8100 V/W at 73 GHz, and the bandwidth of sensitivity above 1000 V/W is 10 GHz. Figure 21 shows the input power dependency of sensitivity. The sensitivity of the detector module saturates when the input power is below −30 dBm. These results are quite reasonable and comparable with that of the detector circuit observed in Figures 15 and 16. 
Receiving Experiments.
We constructed the Dicke radiometer and evaluated its readout voltage when the module receives radiation from objects. The configuration of Dicke radiometer is shown in Figure 22 . We observed a difference of the output voltage between the antenna port and the reference (ii) RF amplifier gain: 50 dB.
(iii) Bandwidth: 1 GHz.
(iv) Switching frequency: 100 kHz.
The readout voltage is measured when changing temperature of absorber, which is located on the horn antenna. Figure 23 shows the measured readout voltage for the temperature change of the absorber. It is confirmed from Figure 23 that the readout voltage is almost proportional to the temperature of the absorber. Furthermore, there is 60 V difference between 278 K and 298 K. We measured the readout voltage when receiving radiations from sky and absorber with room temperature. Table 1 shows measured results. The difference in the readout voltages is 25.6 V, which corresponds to the contrast between the sky and the absorber.
Imaging Demonstrations.
Imaging experiments are implemented by using the developed module. One pixel is obtained by one shot. Therefore, two-dimensional view can be obtained by two-dimensional scanning. The range of the target from the imaging module is 3 m. The angular resolution is derived as approximately 2 deg. from tan −1 (1.22 / ), where is a wavelength of free space and is a diameter of the antenna aperture [25] . Figure 24 shows the millimeterwave image of the car with the optical image. 61 pixels from −15 to +15 deg. in horizontal plane and 33 pixels from −8 to +8 deg. in vertical plane are measured with 0.5 deg. pitch. The car profile and the border between the sky and the ground are recognized by the millimeter-wave imaging. Figure 25 shows the millimeter-wave image with the optical image of the human. An aluminum plate with 0.2 m square is in his cloth. 25 pixels from −6 to +6 deg. in horizontal plane and 41 pixels from −10 to +10 deg. in vertical plane are measured with 0.5 deg. pitch. Profile of the human body, arms, and legs is obtained by millimeter-wave imaging. The aluminum plate in the cloth is not recognized by optical imaging but is possible by millimeter-wave imaging because millimeterwave can penetrate the clothes.
Conclusion
A layer-structured module for passive millimeter-wave imaging has been proposed in this paper. We designed and evaluated the lens antenna and the detector module. The results show that the gain of the lens antenna is over 40 dBi from 60 to 90 GHz. Furthermore, antenna efficiency is about 80% from 60 to 90 GHz except 80 GHz. We would investigate the improvement of frequency dependency in the future study. Regarding the detector module, the peak sensitivity is 8100 V/W at 73 GHz, and the bandwidth over 1000 V/W is 11 GHz. In the receiving demonstration, we have confirmed that the readout voltage is proportional to the temperature of the absorber. This shows that the developed detector module can detect the difference of absorber's temperature, which is proportional to the radiation power. Car, human profiles, and aluminum plate in cloth are recognized by the millimeterwave imaging experiments. 
